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ABSTRACT
Models of the decoupling of baryons and photons during the recombination epoch
predict the existence of a large-scale velocity offset between baryons and dark matter
at later times, the so-called streaming velocity. In this paper, we use high resolution
numerical simulations to investigate the impact of this streaming velocity on the spin
and shape distributions of high-redshift minihalos, the formation sites of the earliest
generation of stars. We find that the presence of a streaming velocity has a negligible
effect on the spin and shape of the dark matter component of the minihalos. However, it
strongly affects the behaviour of the gas component. The most probable spin parameter
increases from ∼0.03 in the absence of streaming to ∼0.15 for a run with a streaming
velocity of three times σrms, corresponding to 1.4 km s
−1 at redshift z = 15. The
gas within the minihalos becomes increasingly less spherical and more oblate as the
streaming velocity increases, with dense clumps being found at larger distances from
the halo centre. The impact of the streaming velocity is also mass-dependent: less
massive objects are influenced more strongly, on account of their shallower potential
wells. The number of halos in which gas cooling and runaway gravitational collapse
occurs decreases substantially as the streaming velocity increases. However, the spin
and shape distributions of gas that does manage to cool and collapse are insensitive
to the value of the streaming velocity and we therefore do not expect the properties of
the stars that formed from this collapsed gas to depend on the value of the streaming
velocity. The spin and shape of this central gas clump are uncorrelated with the same
properties measured on the scale of the halo as a whole.
Key words: early universe – dark ages, reionisation, first stars – stars: Population
III.
1 INTRODUCTION
The currently most favoured cosmological model for describ-
ing the evolution of our Universe since the Big Bang is the
so-called ΛCDM (Lambda Cold Dark Matter) model. This
is the simplest model that is consistent with existing cos-
mological measurements and is thus considered the stan-
dard model of Big Bang cosmology. In this model, most
of the matter is dark and interacts with baryonic matter
solely through gravity. ΛCDM is a hierarchical model in
which structure forms first on the smallest scales, with larger
bound structures forming later via mergers and accretion.
The first stars to form in the Universe – the so-called
Population III (Pop. III) – therefore form in small-scale,
low-mass bound structures known as dark matter minihaloes
? E-mail: vu412@ix.urz.uni-heidelberg.de
† Hubble Fellow
(see e.g. Tegmark et al. 1997; Bromm, Coppi & Larson 1999;
Abel, Bryan & Norman 2000; Yoshida et al. 2003). Cooling
in these systems takes place primarily via molecular hydro-
gen emission, with the result that the gas temperature never
decreases below a few hundred Kelvin. The relatively high
gas temperature inhibits fragmentation of the gas and pro-
motes rapid gas accretion onto any protostars that form.
Consequently, the initial mass function (IMF) of Pop. III
stars is expected to be dominated by massive stars (see e.g.
Abel, Bryan & Norman 2002; O’Shea & Norman 2007; Mc-
Kee & Tan 2008; Yoshida, Omukai & Hernquist 2008; Hirano
et al. 2014), although it remains uncertain whether the IMF
also extends down to values below a solar mass due to disk
fragmentation (see e.g. Clark et al. 2011b; Greif et al. 2011a,
2012; Stacy & Bromm 2014; Hirano & Bromm 2017; Susa
2019). Understanding the properties of the dark matter and
gas making up the minihaloes that host the first generation
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of stars is of great importance for our understanding of the
onset and outcome of Pop. III star formation.
In an earlier paper (Druschke et al. 2018; hereafter, Pa-
per I), we used a high resolution cosmological simulation to
investigate the distribution of shapes and spins of a large
sample of dark matter minihaloes. In the subset of mini-
haloes in which the gas cools and undergoes runaway grav-
itational collapse (i.e. the minihaloes in which Pop. III star
formation occurs), we also investigated whether the spin of
the dense, cooling gas was correlated with the spin of the
halo on large scales, and showed that there was no significant
correlation.
However, the simulation analyzed in Paper I started
from initial conditions in which there was no relative veloc-
ity or “streaming velocity” between the dark matter and the
gas. In reality we do not expect this to be the case. Before
recombination, baryons and photons were tightly coupled
by Compton scattering and behaved as if they were a single
fluid. On the other hand, the dark matter was not directly
coupled to this baryon-photon fluid and interacted with it
only via gravity. Consequently, even though fluctuations in
the density of the baryon-photon fluid and the dark mat-
ter are correlated, one nevertheless expects some motion of
the fluid relative to the dark matter. In an influential paper,
Tseliakhovich & Hirata (2010) pointed out that an imprint
of this motion survives in the baryons even after recom-
bination, in the form of a large-scale streaming motion of
the baryons with respect to the dark matter. The resulting
relative velocity (distributed like a multivariate Gaussian,
with a standard deviation σ ≈ 30 km s−1 at recombination)
is highly supersonic shortly after recombination, but decays
with the expansion of the Universe. It therefore plays little
role in the formation of galaxies at low redshifts. However,
several authors have shown that at high redshift, streaming
velocities have a significant effect on the creation and forma-
tion of dark matter minihaloes and so-called atomic cooling
haloes.1 Amongst other effects, a non-zero streaming veloc-
ity suppresses the formation of minihaloes (Tseliakhovich &
Hirata 2010; Naoz, Yoshida & Gnedin 2012) and increases
the minimum halo mass required for efficient gas cooling
and consequent Pop. III star formation (Dalal, Pen & Sel-
jak 2010; Greif et al. 2011b; Stacy, Bromm & Loeb 2011;
Schauer et al. 2019) This leads to a delayed onset of Pop-
ulation III star formation (Greif et al. 2011b; Maio et al.
2011). Other authors have studied the influence of stream-
ing velocities on the shape of minihalos before (Chiou et al.
2018). Due to our implementation of H2 cooling, the most
important coolant at high redshift, we are able to follow the
gas to high densities and investigate the proto-star forming
regions in the halos.
In this paper, we therefore extend the analysis from
Paper I to the case where the initial streaming velocity of the
baryons relative to the dark matter is non-zero. We analyze
several high-resolution simulations carried out with different
streaming velocities and explore whether the value of the
streaming velocity affects the spin or the shape distributions
of the gas or the dark matter in minihaloes. The paper is
structured as follows. In Section 2, we give a short overview
1 Dark matter haloes with virial temperatures T ∼ 104K or above
which are cooled by Lyman-α emission from atomic hydrogen.
of the set of simulations from Schauer et al. (2019) that we
use for our analysis, and in Section 3 we present our analysis
methods. In Section 4, we look in detail at the changes that
occur in a representative halo as we increase the streaming
velocity, while in Section 5 we present the results of our
analysis of the full set of haloes and provide the reader with
a toy model. Finally we summarize our findings and results
in Section 6.
2 SIMULATION
The cosmological simulations that we use for our analy-
sis were previously described in Schauer et al. (2017) and
Schauer et al. (2019), and full details can be found in those
papers. We therefore give here only a brief overview of the
most important properties of the simulations.
The simulations were carried out using the moving mesh
code arepo (Springel 2010) and include both gas and dark
matter. The chemical and thermal evolution of the gas were
treated using a primordial chemistry network and cooling
function based on the one presented in Clark et al. (2011),
but updated as described in Schauer et al. (2019). Here,
we choose to work with the four simulations from Schauer
et al. (2019) that have a box size of 1 cMpc/h, where the
‘c’ denotes comoving units and h is the value of the Hubble
parameter in units of 100 km s−1 Mpc−1. These simulations
have a particle mass of ∼ 100 M for dark matter and a
target mass of ∼ 20 M for the gas cells2. After creating
the initial conditions with MUSIC (Hahn & Abel 2011) at
z = 200 with Planck parameters (namely h = 0.6774, Ω0 =
0.3089, Ωb = 0.04864, ΩΛ = 0.6911, n = 0.96 and σ8 =
0.8159, Planck Collaboration et al. 2016), the dark matter
and gas are followed to redshift z = 14. Even though these
velocities are supersonic at the highest redshift, the effect
they have on gas previous to z = 200 are negligible (Park
et al. 2020). In Paper I, we found that the minihalo spin and
shape distributions evolve only weakly with redshift, and so
in this paper we focus on the properties of the haloes at the
final output time.
In order to mimic different regions of the Universe with
different streaming velocities, a constant offset velocity term
was added to the initial conditions. This offset velocity was
arbitrarily chosen to point in the positive x direction, but
our results are independent of this choice, owing to the large-
scale isotropy of the Universe. For the four different boxes,
the amplitude of the streaming velocity was set to 0, 1, 2
and 3 times σrms, corresponding to 0, 6, 12 and 18 km s
−1 at
z = 200. The no streaming run was previously analyzed in
Paper I but is included here for the purposes of comparison.
3 ANALYSIS
This paper focuses primarily on the spin and the shape of
minihaloes at different streaming velocities. Before we dis-
cuss our results, we introduce some important physical quan-
tities. A more detailed description can be found in Paper I.
2 arepo refines or de-refines gas cells as required to ensure that
their masses stay within a factor of two of the specified target
mass; see Springel (2010) for more details.
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We start with the angular momentum ~J(R), which is
defined for each minihalo by summing up the values of every
dark matter particle or gas cell within a distance R from the
most bound cell, which we take to define the centre of the
halo:
~J(R) =
∑
ri<R
mi~ri × ~vi. (1)
Here,mi is the mass of the particle or gas cell, ~ri the distance
from the particle or gas cell to the center of the halo and ~vi
the velocity relative to the center of the halo. In the special
case where R = Rvir (the virial radius), this equation yields
the angular momentum of the halo as a whole.
Additionally, we compute the inertia tensor in order
to calculate the side lengths of a halo (Springel, White &
Hernquist 2004):
Ijk =
N∑
i=1
mi(|~ri|2δjk − ri,jri,k). (2)
Here, δjk represents the Kronecker delta, mi is the mass of
the i-th gas cell or dark matter particle, ~ri is its distance
from the halo centre, and ri,j and ri,k and the j-th and
k-th components of ~ri. The centre of the halo is defined
by the position of the most bound dark matter particle,
equivalent to the potential minimum of the halo. Using the
eigenvalues I1, I2, I3 of this tensor and the halo mass, the
side lengths a > b > c of an ellipsoid can be calculated (see
Paper I), which can then be used to compute the sphericity
and triaxiality of the halo, as outlined in Section 3.2 below.
3.1 Spin
We are interested in how fast a halo is rotating, independent
of its mass. We therefore choose to work with the spin pa-
rameter λ′, and follow the definition of Bullock et al. (2001):
λ′c(R) =
|J |c(R)√
2RMc(R)Vcirc(R)
. (3)
As before, Jc describes the angular momentum and Mc the
mass. The index c stands for the components (gas, dark
matter, or the total matter content of the halo) that we are
interested in. Furthermore, R is the radius up to which the
particles or gas cells are considered and Vcirc is the circular
velocity which is given by Vcirc(R)
2 = R−1GM(R).
The spin parameter can take values between λ′ = 0 and
λ′ = 1. A spin parameter of 0 corresponds to a non-rotating
halo, while a spin parameter of 1 corresponds to Keplerian
rotation of all particles and gas cells.
Statistically, the spin of a set of haloes can be approxi-
mated by a log-normal distribution (Warren et al. 1992; Mo,
Mao & White 1998):
P (λ′) =
1
λ′
√
2piσ0
exp
− ln2
(
λ′
λ0
)
2σ20
. (4)
The most probable value of this well-known log-normal dis-
tribution is referred as the peak value in the following. In
regions of the Universe without streaming velocity, previ-
ous studies (Sasaki et al. 2014, Paper I) find peak values
of λ′ ' 0.03. The distribution of the spin parameter of all
∼ 8000 halos with a mass of at least Mmin = 105 M (corre-
sponding to roughly 1000 gas and dark matter particles) at
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Figure 1. Distribution of the halo properties for all∼ 8000 haloes
with M > Mmin in a simulation without streaming velocity at
redshift z = 14. Left panel: spin parameter. The red curve is a
log-normal fit to the data, with parameters as given in the text.
Middle panel: triaxiality. The red curve is a beta-distribution fit
to the data, with parameters as given in the text. Right panel:
sphericity. Again, the red curve is a beta-distribution fit to the
data, with parameters given in the text.
z = 14 can be seen in Figure 1 (left panel), The distribution
shows a peak value of λ′ = 0.0294.
3.2 Shape
In order to quantify the shape of the haloes, we follow the
definition of Springel, White & Hernquist (2004). The triaxi-
ality and sphericity can be determined using the side lengths
a > b > c of the ellipsoid that we determined above using
the inertia tensor.
3.2.1 Triaxiality
The triaxiality can be calculated as follows (Franx, Illing-
worth & de Zeeuw 1991):
T =
a2 − b2
a2 − c2 . (5)
This definition classifies haloes from oblate (low triaxiality,
T = 0) to prolate (high triaxiality, T = 1). In the middle
panel of Figure 1, we show the triaxiality distribution of all
haloes with masses M > Mmin at redshift z = 14 in the
simulation without streaming velocities. It can be described
by a beta distribution displayed in red (see also Paper I):
P (T ) =
Γ(a+ b)T a−1(1− T )b−1
Γ(a)Γ(b)
(6)
Since the gamma function Γ serves only for normalization,
the shape of the distribution is described by the two fit
variables a = 3.355 and b = 1.892. The peak of the best
fitting distribution is at Tpeak = 0.700. Other studies (Jang-
Condell & Hernquist 2001; Sasaki et al. 2014) have already
shown that most haloes in our mass range are prolate, while
haloes are more oblate at higher masses (see e.g. Warren
et al. 1992; Allgood et al. 2006).
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3.2.2 Sphericity
The sphericity is defined as the ratio of the smallest to the
largest side length of the halo ellipsoid:
S =
c
a
. (7)
A sphericity of S = 1 describes a perfectly spherical halo,
while a lower value represents a stronger deviation from a
perfect sphere. Analogously to the triaxiality, the spheric-
ity distribution of all haloes is well described by a beta-
distribution, which is shown in the right panel of Figure 1 for
the simulation without streaming velocity at redshift z = 14.
Here, the shape parameters are a = 6.582 and b = 5.750 and
the most probable value of S is S = 0.685.
The sphericity in the DM-only study by Sasaki (2015) is
slightly lower, at around s ≈ 0.45, depending on halo mass
and formation time. Chiou et al. (2018) study the shape of
the minihaloes as well, with slightly varying definition of
the parameters. Their prolateness factor ξ = Rmax/Rmin is
roughly the inverse of our sphericity, and peaks at ξ ≈ 1.3
corresponding to s ≈ 0.77 for no streaming velocity, and
moves to higher values (ξ ≈ 1.6 or s ≈ 0.63) for a streaming
velocity vbc = 2σrms. This is in agreement with our findings
of a gas sphericity of s = 0.744 for no streaming and s =
0.637 for 2σrms streaming.
4 IMPACT OF STREAMING ON INDIVIDUAL
HALOES
Before examining the effect that a non-zero streaming ve-
locity has on the full distribution of haloes, it is informative
to study its effects in detail on a representative halo. In Fig-
ure 2, we show slices of density in the x-y and y-z planes
through the centre of a halo (placed at the center of the
figure) taken from the simulation with 2σ streaming. This
halo has a mass M = 9.57 × 106 M and a spin parameter
λ′ = 0.0483. For a better overview, the halo is shown at
two different scales. In the upper panels, the slice has a side
length of 0.5 ckpc/h, showing the inner core and thus the
cold dense gas associated with the halo. In the lower panels,
the side length is 3.0 ckpc/h, which allows a more general
overview of the position and shape of the entire halo. The
origin of the coordinate system is taken to be at the cen-
ter of the halo (defined as the most bound particle), and
the coordinate system is aligned so that the halo angular
momentum vector points in the position z direction. The
colour-coding indicates the number density of the gas, rang-
ing from nmin = 0.001 cm
−3 (dark red) to nmax = 250 cm−3
(bright yellow). In addition, we have added contours for den-
sity thresholds of nthres = 1 cm
−3 (black), 10 cm−3 (blue)
and 100 cm−3 (red). The white arrows indicate the direction
of the gas velocity and their length indicates the magnitude
of the velocity with respect to the centre of the halo. For
comparison, the black arrow on a white background in the
top of the image is normalized to a velocity of 10 km/s. Fur-
thermore, the black circle on top right in the Figure indicates
the radius of the gravitational softening length.
In comparison to Paper I, where similar plots are shown
for a pair of haloes taken from a run with no streaming, we
see that here, the center of rotation can deviate from the
halo center. For example, the halo shown in Figure 2 has a
rotational centre at x ≈ y ≈ 0.5 ckpc/h, which can be seen
in the lower left panel.
In Figure 3, we show the same minihalo in all four sim-
ulations with different streaming velocities. Since we use the
same initial conditions for all four simulations (other than
the gas velocity offset), we can identify the same dark matter
halo in all four simulations and compare its properties.
We see immediately that the higher the streaming ve-
locity, the lower the maximum density in the minihalo. The
core of the halo in the 0σ run contains a lot of cold dense
gas. Near the center, several clumps with number densities
exceeding 50 cm−3 have formed and the innermost clump
contains gas at a density of more than 100 cm−3. Even in
the 1σ streaming run, there is still a lot of dense gas visible.
With 2σ streaming, however, the halo contains no gas denser
than 50 cm−3, while at 3σ the densest gas is ∼ 1 cm−3, only
a factor of a few larger than the mean halo density.
As we will see later, the behaviour of this particular halo
is quite typical. In the no streaming run, there are 206 haloes
at z = 14 that contain cold gas that is denser than 100 cm−3,
but in the 2σ streaming run this number has dropped to 15
haloes, while in the 3σ case we find only a single halo with
cold gas above this density.
Figure 3 also illustrates another important phenomenon
related to strong streaming, namely that the peak gas over-
density can become strongly offset from the halo center.
There is a hint of this effect in the run with 2σ streaming,
but in this case the offset between the density peak and the
halo center (which is always located at the origin) is small.
In the case of 3σ streaming, however, the offset between the
highest gas densities and the halo center is clearly apparent.
This offset can result in the formation of baryon-dominated
clouds outside of the virial radius of the closest dark matter
halo (Naoz & Narayan 2014; Popa et al. 2016; Hirano et al.
2018, see also Chiou et al. 2019 in the context of globular
cluster formation). We discus this in detail with a toy model
in Section 5.2 .
5 STATISTICAL ANALYSIS OF THE FULL
MINIHALO SAMPLE
As a next step, we study the distribution of spins and shapes
in a statistical manner. For this part of our analysis, we se-
lected all haloes with a (dark matter and gas combined)
mass of at least Mmin = 10
5 M, as less massive haloes are
not well resolved in our cosmological simulations (Schauer
et al. 2019; Paper I). This mass limit leads to the selection
of 7982 haloes for no streaming, 6282 haloes for 1σ stream-
ing, 4798 haloes for 2σ streaming and 4263 haloes for 3σ
streaming. The different number of haloes results from the
delaying effect that streaming motions have on the formation
and growth of minihaloes (see e.g. Tseliakhovich & Hirata
2010; Greif et al. 2011b; Maio, Koopmans & Ciardi 2011;
Stacy, Bromm & Loeb 2011).
5.1 Spin and shape distribution
In Figure 4, we show the spin parameter distribution for gas
(top panel), dark matter (middle panel) and the total halo
c© 2018 RAS, MNRAS 000, 1–12
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Figure 2. Example of a typical minihalo with λ′ = 0.0483 and M = 9.57× 106 M at z = 14 with 2σ streaming. The left panels show
slices through the minihalo in the x− y plane, while the right panels show slices in the z− y plane with respect to the halo center (x=0,
y=0, z=0), which is defined by the most bound particle. The slices are color-coded by number density, and contours indicating number
densities of 1, 10 and 100 cm−3 are also shown. In the upper panels, the region within a box of side length 0.5 ckpc/h is shown, while in
the lower panels a larger region of side length 3.0 ckpc/h is shown. The arrows indicate the direction and magnitude of the gas velocity.
For reference, we show a black arrow corresponding to a velocity of 10 km s−1 in the top left panel. The dark circle in the upper right
corner has a radius equal to the gravitational softening length.
(bottom panel) for all four streaming velocity simulations.3
As we can see, the distribution for the dark matter does
not change significantly as we vary the streaming velocity.
The same is true for the spin parameter distribution for the
halo as a whole, since this is dominated by the dark matter
contribution. The peak value varies between λ′dm = 0.030
and λ′dm = 0.033 for the dark matter and between λ
′
tot =
0.029 and λ′tot = 0.033 for the total mass.
For gas on the other hand, the distribution is strongly
affected by the size of the streaming velocity. Increasing
the streaming velocity flattens the spin parameter distribu-
tion and shifts its peak toward much higher values of λ′: it
changes from λ′gas = 0.026 with no streaming to λ
′
gas = 0.138
3 To improve the visibility, we only show the fit of the log-normal
distribution (compare Figure 1), and not the entire histogram.
for 3σ streaming. These results are broadly consistent with
the recent study of Chiou et al. (2018), who examine the
minihalo spin parameter distribution in simulations with no
stream and 2σ streaming. They also find a significant shift
in the peak of the distribution with increasing streaming
velocity, with λ′gas increasing from 0.04 in the case without
streaming at z = 10 to 0.12 in the case of 2σ streaming.
We have also examined how the shape of the minihaloes
changes due to the streaming velocity. For this purpose, we
show beta distribution fits to the triaxiality and sphericity
distributions in Figures 5 and 6, respectively. Again, we see
that there are major changes in the distribution of gas, while
the distribution of dark matter and total matter remains
virtually unchanged. As the streaming velocity increases,
both the sphericity and the triaxiality of the gas distribution
decrease (i.e. it becomes less spherical and more oblate). The
c© 2018 RAS, MNRAS 000, 1–12
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Figure 3. As Figure 2, but showing the same halo again at z = 14 in our four simulations with different streaming velocities. It is clear
that as the streaming velocity increases, the amount of dense gas associated with the minihalo decreases.
peak values of λ′, S and T at z = 14 for each component in
each simulation are listed in Table 1.
Finally, we have investigated whether there is any cor-
relation between the shape and the spin parameter of the
halos in any of our simulations. We find that in practice
there does not appear to be any significant correlation be-
tween λ′ and either S or T , regardless of the value of the
streaming velocity.
5.1.1 Mass dependence
In order to understand why the spin and shape parameters
for the gas change as the streaming velocity increases, we
have explored how they vary as a function of the halo mass.
In Figure 7, we show 2D histograms of the spin parameter
as a function of the halo mass M for the whole halo (left-
hand panels) and for the gas component (right-hand panels)
for each of the simulations. In these histograms, the spin
is plotted against the logarithmically scaled mass using a
40 × 40 pixel grid. The colour of the pixels indicates the
number of haloes contained in each. We also show the most
probable spin parameter (i.e. the peak in the distribution)
for each halo mass (solid line). The shaded region around
this line is an estimate of how accurately we are able to
determine the peak in the distribution, computed using the
bootstrap method.
We can clearly see that in the case of no streaming ve-
locity, there is no correlation between the spin parameter
and the halo mass, neither for the gas nor for the total halo.
Instead, the peak value of the spin parameter distribution
remains approximately constant with halo mass. Although
there are haloes with relatively large values for the spin pa-
rameter (λ′ > 0.15), these are all found in the lowest mass
bins with M ∼ 105 M. Additionally, these haloes repre-
sent the high λ′ tail of the distribution and may be missing
in the higher mass bins simply because there are far fewer
minihaloes in total present in those bins. We note that this
is not a new result: other studies of the minihalo spin pa-
rameter distribution in the absence of streaming have also
found it to be independent of halo mass (Hirano et al. 2014;
Sasaki et al. 2014).
On the other hand, when the streaming velocity is non-
c© 2018 RAS, MNRAS 000, 1–12
Shape and Spin of Minihaloes II 7
0
5
10
15
20 gas
0
5
10
15
20
P
D
F dm
0.00 0.05 0.10 0.15 0.20 0.25 0.30
λ′
0
5
10
15
20 tot
0 σ
1 σ
2 σ
3 σ
Figure 4. The distributions of the spin parameters of all haloes
for gas (upper panel), dark matter (middle panel) and total mat-
ter (lower panel). The blue solid (0σ), red dashed (1σ), black
dash and dotted (2σ) and purple dotted (3σ) lines indicate the
respective streaming velocities. While the spin parameter of the
gas shifts to higher values for larger streaming velocity values,
the dark matter and total spin distributions remain largely un-
changed.
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Figure 5. Same as in Figure 4, but for the triaxiality of all haloes.
The triaxiality of the gas component is smaller for non-zero than
for zero streaming velocity values, while the dark matter and total
triaxiality distributions do not differ by much for these two cases.
zero, we find a clear difference in behaviour. While for total
matter the peak value of the spin parameter remains inde-
pendent of halo mass for all streaming velocities, this is no
longer true for the gas component. Instead, we see an in-
crease in the peak value with decreasing halo mass. This
can be seen more clearly in Figure 8, where we plot only the
peak value of the spin parameter distribution for each mass
bin (the red and blue lines from Figure 7), plus the same
quantity for the dark matter (black lines).
In the 1σ streaming run, we see that λ′gas ' λ′tot in
the highest mass bin, but that it systematically increases
above this value for decreasing halo mass, so that in the
lowest mass bin it is almost three times as large. In the
runs with even stronger streaming, we not only see a similar
dependence on halo mass but also a clear offset between λ′gas
and λ′tot even in the highest mass bin.
σrms λ′ T S
0
gas 0.0256 0.768 0.744
dm 0.0300 0.688 0.668
tot 0.0294 0.700 0.685
1
gas 0.0672 0.634 0.683
dm 0.0305 0.679 0.688
tot 0.0301 0.676 0.700
2
gas 0.1193 0.678 0.637
dm 0.0326 0.684 0.691
tot 0.0323 0.683 0.696
3
gas 0.1381 0.661 0.642
dm 0.0331 0.679 0.687
tot 0.0330 0.677 0.691
Table 1. List of all calculated peak values at z = 14 for the spin
(λ′), triaxiality (T) and sphericity (S) distributions, for our four
simulations and for all components: gas, dark matter (dm) and
total matter (tot).
0
1
2
3
4 gas
0
1
2
3
4
P
D
F dm
0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
S
0
1
2
3
4 tot
Figure 6. Same as Figure 4, but for the sphericity of all haloes.
The sphericity of the gas component shifts to smaller values with
larger streaming velocity values. The dark matter component and
the total sphericity are, similiar to the spin and traixiality distri-
butions, almost the same.
We have also investigated the mass dependence of the
shape parameters (triaxiality T and sphericity S), as shown
in Figures 9 and 10. In this case, the beta distribution is
not always a good description of the distribution of T and
S in each bin (especially in the low mass bins) and so the
representative value we plot for each bin is the median value.
We see from the Figures that the triaxiality is largely
independent of the halo mass, regardless of the streaming
velocity, although there is a hint that in the low streaming
runs, higher mass haloes are slightly more prolate than lower
mass haloes.
On the other hand, the sphericity does show a more
pronounced mass dependence, with lower mass haloes being
more spherical than higher mass haloes. When the streaming
velocity is low, there is little difference between the spheric-
ity of the gas distribution and that of the total mass, but
when the streaming velocity is high there is a clear off-
set between the two, with the gas having a systematically
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less spherical distribution than the dark matter or the total
mass.
5.1.2 Radial dependence
To further explore the impact of the streaming velocity on
the spin parameter of the gas, we have also examined how
this varies as a function of radius in the different simulations.
To do this, we split up each halo into ten separate shells of
thickness 0.1 RVir and calculated the spin and shape param-
eters for each shell individually.4
Comparison of the spins of shells with the same R/RVir
in different haloes shows that the distribution can once again
be represented as a log-normal. In Figure 11 we show the
peak value of this log-normal distribution as a function of
R/RVir for our four different runs. The uncertainty in this
peak value was calculated using the bootstrap method and
is indicated by the shaded region. As before, the calculation
was carried out with the various components and plotted
in the usual colors gas (red), dark matter (black) and total
matter (blue).
We can immediately see from Figure 11 that the spin
parameter of the gas component changes significantly with
the streaming velocity, while the distributions for dark mat-
ter and for the entire halo only change slightly. The distri-
bution of λ′ with radius for the dark matter remains fairly
flat in all four simulations, with a slight rise to λ′dm ∼ 0.1 in
the outer third of the halo, and the distribution of λ′ for the
total mass behaves similarly. For the gas, we also find a flat
distribution in the no streaming run. However, in the runs
with streaming, we find qualitatively different behaviour. In
this case, λ′ is higher close to the centre of the halo than at
the virial radius, and hence largely decreases with R/RVir.
However, the largest value of λ′ is not found at the halo cen-
tre, but instead is offset to R/RVir ∼ 0.2–0.3. It is also clear
that the degree to which λ′ drops between this peak and the
virial radius also depends on the streaming velocity: with a
low streaming velocity, λ′ decreases by almost a factor of
two between R = 0.3RVir and R = RVir, while in the 3σ
streaming run, the drop is much smaller.
To further explore this behaviour, we have also calcu-
lated the specific angular momentum Jspec = J/M as a func-
tion of radius for the different streaming velocities and for
gas (red), dark matter (black) and total matter (blue). As
the peak value, we choose the median of the specific angular
momentum in each shell. The results are shown in Figure
12. In every case, the specific angular momentum increases
with increasing radius. As before, there is little change of
the dark matter component and hence the combined halo
when including streaming velocities. The gas component
shows a higher specific angular momentum for the entire
radius range for higher streaming velocities, consistent with
Figure 11. This is also in agreement with Figure 3, where
we see clumps of high density gas offset from the gravita-
tional centre of the minihalo (compare also Chiou et al. 2018,
2019). For minihaloes in the 1σ streaming velocity simula-
tion, the increase is stronger at smaller radii than at larger
4 We chose this particular shell width to ensure that each shell
would contain enough dark matter particles and gas cells to enable
an accurate calculation of the spin and shape parameters.
radii, which we interpret as a smaller offset of the denser gas
from the centre than in the higher streaming velocity sim-
ulations. Further investigations have shown that in the run
without streaming, any offset between the highest density
gas and the halo centre is small (typically less than 0.1Rvir;
see Section 5.2 below), but that it increases significantly as
we increase the streaming velocity. We therefore conclude
that the higher spin parameter of the gas found in the higher
streaming velocity simulations is not because the gas forms
a larger or more rapidly rotating disk, but is instead due to
the presence of dense clumps of gas at large distances from
the halo centre with significant tangential velocities.
5.2 Toy model
We construct a toy model to explain the increased spin value
for minihaloes in high streaming velocity regions of the Uni-
verse. We have seen that the densest gas cell shifts out of the
centre of the halo in regions of high streaming velocity. A
gas clump rotating around the halo center can increase the
angular momentum and hence the spin parameter of the gas
component of this halo. For this model, we therefore split
the λ-parameter into the internal component, which we as-
sume to be equal to the spin parameter for no streaming
velocity, λint = 0.0256, and a clump component, λclump. We
rewrite the equation (3) for the gas component of the spin
parameter:
λgas =
|Jgas|√
2RvirMgasVcirc
(8)
≈ λint +
∫
r in clump
|ρrvdr3|
√
2RvirMgasVcirc
(9)
= λint +
1√
2
Mclump
Mgas
Rclump
Rvir
Vclump
Vcirc
. (10)
We assume that the whole clump is moving with the same
velocity and is very small, so that it can be approximated
as a point mass with the distance Rclump to the halo centre,
which we take as the separation between the densest gas cell
and the centre of the halo. We further test a second approx-
imation, where we assume that the clump has a tangential
velocity equal to the Kepler velocity at the clump radius:
vclump ≈ vKepler(Rclump) =
√
GMvir
Rclump
. (11)
With this approximation, the ratio between the clump veloc-
ity and the circular velocity of the halo reduces to
Vclump
Vcirc
=√
Rvir/Rclump. This leads to the second approximation for
λclump:
λgas ≈ λint + 1√
2
Mclump
Mgas
(
Rclump
Rvir
)1/2
(12)
In a first step, we investigate whether haloes in stream-
ing velocity regions systematically have dense clumps lo-
cated outside of the halo center. For the purposes of this
investigation, we define a clump to be a spherical region
around the densest gas cell that contains all gas cells that
have a higher density than the mean gas density of the re-
spective halo and that are located no further than 10% of
the virial radius from the densest gas cell. Note that with
this definition, we will identify a central density spike in a
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minihalo as a clump if that is where the densest gas cell is
located. Note also that by definition we will identify only
one clump per halo, since there is only one densest cell.
In Figure 13, we show the distribution of the clump
masses and radii in the different simulations. To aid in the
comparison of minihalos that cover a wide range of masses,
we show clump masses in units of the total gas mass in the
minihalo, Mgas, and clump locations in units of the virial ra-
dius. For the 0σ (red) streaming velocity simulation, we find
that most haloes have their dense gas at the halo centre, and
the gas clumps are the most massive ones, containing 50–
60% of the gas mass. In the 1σ (orange) streaming velocity
simulation, the gas clumps are close to the halo centre, peak-
ing at a distance of less than 10% of the virial radius, with a
tail extending to larger distances. These clumps are massive,
too, with a distribution peaking at 50% of the gas mass in
the halo. This picture changes for higher streaming veloc-
ity regions (grey and light grey). The gas clumps generally
contain less than 50% of the gas in the halo. The distance be-
tween the dense gas clump and the halo centre is larger, with
separations peaking at the maximum distance of the virial
radius. This can be also seen in Figure 14, in which we show
the one dimensional histograms of these clump properties.
We can now estimate the contribution of the gas clump
to to the total spin parameter. Following the approximation
in Equation (12), we show the theoretical values of λclump in
the Mclump/Mgas–Rclump/Rvir plane in Figure 15. One can
see that in the bottom right of the figure (corresponding to a
large distance and a 20-40% clump mass), an additional spin
parameter value of up to λclump = 0.1–0.2 can be reached.
This is the region that is most populated by haloes in the
3σ streaming velocity region.
The combination of this value with the internal spin
value of λint = 0.0256 yields total values similar to the peak
values reached in the simulations with 2σ and 3σ stream-
ing velocities, which are λ2σ = 0.1193 and λ3σ = 0.1381,
respectively. The position and mass of the gas clump out-
side the halo center can therefore explain the increased spin
parameter. This can be seen in Figure 16, which shows a
histogram of λclump values for each of the different stream-
ing velocity simulations. However, the peak values of these
distributions overproduce the spin value of the 0σ and 1σ
streaming velocity simulations.
In a next step, we test our assumption that the clump
roughly moves with the Kepler velocity at the clump radius.
We compare the actual tangential velocity to the Kepler ve-
locity at that radius and find that this assumption is approx-
imately valid for gas clumps outside the halo centre. Figure
17 shows the velocity ratios with respect to the clump dis-
tances. For higher streaming velocities, the distribution gets
broader, however, with more clumps moving faster than the
Kepler speed. For the 0σ and 1σ streaming velocity simu-
lations, the velocity is smaller than Kepler, as most haloes
have the dense gas in the halo centre. This explains why in
these streaming velocity regions, the spin parameter peaks
at smaller values than predicted by the simple toy model,
as shown in Table 1 and Figure 4, respectively.
In Figure 18, one can see that the additional clump
parameter indeed grows and shifts to large value for high
streaming velocity regions, while it clearly peaks at small
values for the no-streaming velocity simulation. It matches
the spin parameter distribution fitted in Section 5.1 and we
can conclude that our toy model provides a good description
of the increased spin parameter in regions of the Universe
with increased streaming velocities.
5.3 Angle Correlations
From the previous section, it is clear that minihaloes formed
in runs with higher streaming velocities tend to have gas
components with higher spin parameters. We can gain some
insight into why this is so if we examine how the angular
momentum of the gas is oriented with respect to the angular
momentum of the dark matter. In Figure 19, we show the
distribution of the angle α between the angular momentum
vector for the total halo mass distribution and that for the
gas.
In the run without streaming, we see that in most haloes
the direction of the two vectors is highly correlated, with α
peaking close to zero. The median angle is ∼ 23 degrees, in
good agreement with the value of around 30 degrees found in
previous work (van den Bosch et al. 2002; Liao et al. 2017).
However, as the streaming velocity increases, this correla-
tion disappears: the distribution of α flattens and becomes
consistent with a purely isotropic distribution (Chiou et al.
2018). We can see why this happens if we examine the align-
ment between the direction of the gas angular momentum
vector and the direction of the streaming velocity in these
runs (blue curves in Figure 19). This peaks around an an-
gle of 90 degrees, with this peak becoming increasingly pro-
nounced as the streaming velocity increases.
If the motion of the gas were purely due to the stream-
ing, we would expect to recover a perfect 90 degree align-
ment between the streaming direction and the angular mo-
mentum (since ~J = ~r×~v). In reality, the gas also has motions
due to its infall into the dark matter potential well and due
to the tidal torque acting on it from the surrounding distri-
bution of matter. However, the fact that we nevertheless re-
cover a clear peak in the alignment at 90 degrees in the runs
with streaming demonstrates that in the majority of haloes
it is the streaming that dominates the large-scale motion of
the gas within the virial radius, particularly in the runs with
high sigma streaming. Moreover, since the angular momen-
tum of the dark matter is uncorrelated with the streaming,
its alignment is random with respect to the streaming di-
rection and hence also with respect to the gas in the high
sigma streaming runs. On the other hand, in the run with
no streaming, tidal torques dominate and so we recover a
good correlation between the directions of the gas and dark
matter angular momentum vectors since the same torques
act on both components.
5.4 Dense gas
It is also interesting to examine the impact of streaming on
the spin of the cold dense gas found at the centre of the
subset of minihaloes that are capable of forming stars. In
Paper I, we showed that in the absence of streaming, there
is no correlation between the spin of this gas and that of the
halo as a whole, implying that the latter cannot be used to
predict the former, contrary to previous conjectures in the
literature (e.g. de Souza et al. 2013). Does this result still
hold in runs that include the effects of streaming?
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nthres [cm
−3] 0σ 1σ 2σ 3σ
1 2604 831 199 64
100 206 87 15 -
Table 2. Number of haloes in each simulation with at least 25 gas
cells with densities greater than the specified threshold density.
To investigate this, we have examined the behaviour of
gas above two different density thresholds, nthres = 1 cm
−3
and nthres = 100 cm
−3. In each halo, we first calculate the
distance from the centre of the halo (defined by the poten-
tial minimum of the halo) to the farthest cell with a density
above nthres. We then calculate the spin, sphericity and tri-
axiality of the gas contained within a sphere with a radius
equal to this distance. In order to allow us to make a mean-
ingful statement about the spin and the shape of the haloes,
we require a minimum number of 25 cold dense cells per
halo. Haloes that do not satisfy this requirement are not
included in the analysis. Since streaming hampers gas cool-
ing, particularly in low mass haloes (see e.g. Schauer et al.
2019), the number of haloes considered here decreases for
high streaming velocities. The number of haloes included in
the analysis for each combination of simulation and nthres
is summarized in Table 2. Note that in the 3σ streaming
simulation, there are no haloes with 25 gas cells denser than
nthres = 100 cm
−3, preventing us from analyzing the prop-
erties of the dense gas in this case.
In Figure 20, the histograms (blue) and their distribu-
tions (red) are shown for both the spin and the shape of
the dense gas in our four simulations. The different columns
show λ′, T and S, respectively, for simulations with no
streaming (first two rows), 1σ streaming (third and fourth
rows), 2σ streaming (fifth and sixth rows) and 3σ stream-
ing (last row). The value of nthres considered in each case is
indicated in the plot. In the simulations with higher stream-
ing velocities, the spin parameter, triaxiality and sphericity
histograms are no longer well fit by log-normal or beta distri-
butions, respectively, particularly when nthres = 100 cm
−3.
This is likely a consequence of the small number of haloes we
are dealing with in these cases. As a result, we cannot easily
calculate meaningful peak values for all of the histograms.
Nevertheless, some basic trends are clear.
Figure 20 demonstrates that in gas denser than nthres =
1cm−3 (roughly a factor of ten higher than the virial density
at this redshift), we recover a very similar result to the one
we found in Section 5.1 for the total gas content, namely
that as the streaming velocity increases, so does the spin
parameter, while the sphericity decreases. However, if we
turn our attention to gas denser than nthres = 100 cm
−3,
we see that in this case, neither the spin parameter nor the
shape of gas distribution show any clear dependence on the
streaming velocity.
We have also examined whether there is any correla-
tion between the spin parameter of the dense gas and that
for the halo as a whole (Figure 21). In Paper I, we showed
that in the absence of streaming, these two quantities are
not correlated. Figure 21 demonstrates that this important
result continues to hold in runs that include streaming.
Both of these results suggest that the spin and shape of
the dense, gravitationally-collapsing gas are determined pri-
marily by the details of the collapse itself, and preserve little
or no memory of the state of the gas on large scales. This
also implies that the properties of the stars that ultimately
form from this gas are unlikely to be strongly affected by
the value of the streaming velocity.
6 CONCLUSION
In this paper, we have investigated the spin and shape dis-
tributions of a large sample of minihaloes formed in simula-
tions with streaming velocities ranging from zero to 3σ. We
examine the state of the simulations at a redshift of z = 14
and only consider haloes with a minimum mass of at least
Mmin = 10
5 M. This results in 7982 haloes for the sim-
ulation with no streaming, 6282 haloes for the case of 1σ
streaming, 4798 haloes for 2σ streaming and 4263 haloes for
3σ streaming. As well as measuring the spin and shape dis-
tributions for the full sample of minihaloes, we have also ex-
plored how these properties vary as a function of halo mass.
In a subset of the full minihalo sample, gas cools and un-
dergoes runaway gravitational collapse. In these haloes, we
have quantified the spin and shape distributions of the dense
gas and have examined whether the spin and shape of the
dense gas are correlated with the same properties measured
on the scale of the halo as a whole. Below, we summarize
our main results.
• Streaming velocities only affect the spin and shape dis-
tributions of the gas component in the minihaloes. Their
effect on the dark matter component is negligibly small.
• As the streaming velocity increases, the spin param-
eter of the gas component increases. The gas component
of the halo is less spherical and less prolate for a non-zero
streaming velocity than for the case of no streaming velocity
(compare Druschke et al. 2018).
• The spin parameter of minihaloes in a region of the
Universe with no streaming velocity is independent of mass.
However, the minihalo shape has a slight dependence on
mass: more massive minihaloes tend to be slightly more pro-
late and less spherical.
• In regions with streaming, the spin parameter of the
gas in the minihaloes becomes mass dependent. Low-mass
minihaloes develop higher spin parameters than higher-mass
minihaloes. The shape parameters, on the other hand, be-
come completely independent of mass. The effect on dark
matter is once again negligible.
• The center of rotation of the halo and the position of
the most bound particle can deviate significantly from each
other under the influence of streaming velocities. This can
lead to an increase of the spin parameter outside the cen-
tre of the minihalo. Figure 3 shows an example of a rota-
tional offset that is very strong for a streaming velocity of 3σ.
More quantitatively, Figure 12 shows that the specific angu-
lar momentum of the gas component increases with increas-
ing streaming velocities at all radii. However, for a streaming
velocity of 1σ, the change is more significant at the centre
than for higher streaming velocity simulations, showing that
the gas clumps causing the large spin move to larger radii.
• We can explain the increased gas spin parameter in re-
gions of non-zero streaming velocity with a simple toy model.
For that, we split the spin parameter into an intrinsic (corre-
sponding to no streaming velocity) value and an additional
clump component. If we assume that the additional angu-
lar momentum is caused by a single gas clump that orbits
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the halo centre, we can approximately reproduce the shape
of the spin parameter distribution (compare Figures 15 and
17). The velocity of that gas clump is similar to the Kepler
velocity expected at that radius in the case of a streaming
velocity of 2–3σ, but on average lower for no streaming ve-
locity or a moderate streaming velocity of 1σ.
• The streaming velocity also affects the orientation the
angular momentum of the gas component. As the streaming
velocity increases, it becomes aligned increasingly strongly
in a direction perpendicular to the streaming motion. Since
the dark matter haloes themselves have angular momenta
that are aligned randomly with respect to the streaming
motion, the result is that the alignment between the gas
and dark matter angular momentum in any given minihalo
becomes increasingly random.
• The spin and shape distributions of dense, gravitation-
ally collapsing gas within the minihaloes are uncorrelated
with the values on the scale of the virial radius and unaf-
fected by the strength of the streaming velocity. The value
of the streaming velocity is therefore unlikely to directly af-
fect the properties of the stars that form from this collapsing
gas. As the minimum halo mass for Pop III star formation
increases with streaming velocity, we expect a globally re-
duced and delayed star formation rate in regions of high
streaming velocity (compare e.g. with Schauer et al. 2019)
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Figure 7. Two dimensional histograms for the total spin param-
eter (left) and spin parameter of the gas component (right), as a
function of the total mass of the minihalo. The solid lines show the
peak value of the spin parameter distribution in that halo mass
bin, and the shaded regions indicate the error in the determina-
tion of this peak value, estimated using the bootstrap method.
We do not see a dependence of the spin parameter on halo mass
for the total halo, or the zero streaming velocity case. For larger
streaming velocities, the gas component of the halo increases, and
does so most for lower mass haloes.
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Figure 8. The peak value of the spin parameter distribution,
plotted as a function of halo mass, for the gas (red), dark matter
(black) and total matter (blue). The four panels show results for
our four different simulations, as indicated in the top left corner
of each panel.
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Figure 9. Same as Figure 8, but for the triaxiality of all haloes.
The triaxiality is mostly independent of the halo mass, with gas
values ranging from 0.6 to 0.8. There only is a very small depen-
dence that higher mass halos are slightly more prolate than lower
mass halos in the runs with small streaming velocity.
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Figure 10. Same as Figure 8, but for the sphericity of all haloes.
The values of the gas sphericity range from 0.5 to 0.8, with smaller
halos being more spherical. This trend is stronger for the low
streaming velocity runs.
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Figure 11. Peak value of the spin parameter distribution as a
function of radius (for shells with a width of d = 0.1Rvir). We use
the same color scheme as in Figure 8, i.e. gas (red), dark matter
(black) and total matter (blue).
R/Rvir
lo
g 1
0(
J
sp
ec
)
[c
k
p
c
·cm
h
·s
]
0.0 0.2 0.4 0.6 0.8 1.0
3 σ
0.0 0.2 0.4 0.6 0.8
3.5
4.0
4.5
5.0 2 σ
1 σ
3.5
4.0
4.5
5.0 0 σ
Figure 12. Same as Figure 11, but for the median value of the
specific angular momentum of all haloes.
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Figure 13. Scatter plot of the gas clumps in the simulation,
showing their masses (in units of the gas mass of the host halo)
and distances from the halo centre (in units of the virial radius).
Note that with the definition of clump we adopt here, there can
be no more than one clump per halo, so each point in the plot
corresponds to a different minihalo. From top left to bottom right
the panels correspond to simulations with 0σ (red), 1σ (orange),
2σ (grey), 3σ (light grey) streaming velocities.
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Figure 14. Histograms of the gas clump properties. In the top
panel, we show the distribution of clump masses in units of the
total gas mass of the halo hosting the clump. In the bottom panel,
we show the distribution of the distance of the gas clump to the
halo center, in units of the virial radius. The streaming velocity
simulations are colour coded: 0σ (red), 1σ (orange), 2σ (grey), 3σ
(light grey) streaming velocity.
0.0 0.2 0.4 0.6 0.8 1.0
distance [Rvir]
0.0
0.2
0.4
0.6
0.8
1.0
clu
m
p 
m
as
s [
M
ga
s]
0.000
0.025
0.050
0.100
0.150 0.200
0.250
0.300
0.400
0.500
0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
Figure 15. Theoretical predictions of the additional spin param-
eter, λclump, based on our simple model in Equation (12).
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Figure 16. Histogram of the additional spin parameter compo-
nent, λclump, using the Kepler velocity for the clump velocity
with the approximation in Equation 12. We use the same colour
scheme as in Figure 13, with 0σ (red), 1σ (orange), 2σ (grey),
and 3σ (light grey) streaming velocities. For comparison, we in-
clude the lognormal distributions that have been fitted to the spin
parameter in Section 5.1 with solid lines.
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Figure 17. Scatter plot of the gas clumps in the simulation. We
show the tangential velocity (in units of the circular velocity of the
halo) as a function of the clump distance (in units of the virial
radius). We use the same colour scheme as in Figure 13, with
0σ (red), 1σ (orange), 2σ (grey), and 3σ (light grey) streaming
velocities.
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Figure 18. Histogram of the additional spin parameter compo-
nent, λclump, using the measured tangential velocity of the clump.
We use the same colour scheme as in Figure 13.
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Figure 19. Distribution of the angles between the gas and total
halo components of the specific angular momentum (red) and
between the specific gas angular momentum and the vector of
the streaming velocity flow direction (blue). While the gas and
total halo components are mostly correlated in the case of no
streaming velocity, this correlation fades for the higher streaming
velocity runs, being almost random for a streaming velocity of
3σrms. The gas angular momentum is mostly perpendicular to
the streaming velocity direction.
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Figure 20. Spin and shape distributions for cold dense gas haloes at 0, 1, 2 and 3σ streaming. Within the haloes only gas cells up to
a certain radius are considered. This radius corresponds to the distance of the most distant gas cell with a density above the specified
threshold density nthres. Where possible, we include the fitted distributions (log-norm and beta) as red lines in the figure. However, in
some cases there is too little data to allow for a meaningful fit and in these cases no line is shown. No values are shown for the 3σ run
and nthres = 100 cm
−3 as none of the haloes in this run have enough gas cells at densities above this threshold to allow meaningful
values of λ′, T or S to be computed.
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Figure 21. Total spin parameter (λ′tot) and spin parameter of gas
denser than nthres = 100 cm
−3 (λ′100), shown for each halo with
at least 25 gas cells denser than nthres and for the four different
runs. The points are color-coded by the total mas of the halo. In
the run with 3σ streaming, there are no minihaloes with 25 cells
above the density threshold.
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